The hypothesis that codon usage regulates gene expression at the level of translation is tested. Codon usage of Escherichia coli and phage lambda is compared by correspondence analysis, and the basis of this hypothesis is examined by connecting codon and tRNA distributions to polypeptide elongation kinetics. Both approaches indicate that if codon usage was random tRNA limitation would only affect the rarest tRNA species. General discrimination against their cognate codons indicates t.hat polypeptide elongation rates are maintained constant. Thus, differences in expression of E. coli genes are not a consequence of their variable codon usage. The preference of codons recognized by the most abundant tRNAs in E. coli genes encoding abundant proteins is explained by a constraint on the cost of proof-reading.
INTRODUCTION
Coding sequences in DNA do not use synonymous codons with equal frequencies (1-8). In Escherichia coli, the pattern of nonrandom codon usage varies with levels of gene expression (4-6). Generally speaking, highly expressed genes, producing abundant proteins, use a subset of 'optimal' codons which are recognized by the most abundant tRNA species. Moreover, a neither too sticky nor too weak interaction between codon and anticodon is preferred. This has been attributed to the need of translation to proceed fast and with high fidelity.
Weakly expressed genes are characterized by the occurrence of codons recognized by rare tRNA species.
It has been postulated that codons corresponding to rare tRNAs are translated more slowly than the common ones (7, 8) . Recently, variable elongation rates for common and rare tRNA codons have been demonstrated in E. coli expressing genes that are rich in rare codons and which have been cloned in multicopy plasmids (9-11).
Because of the high correlation between codon usage, tRNA abundance and level of gene expression, it has been suggested that codon usage is a modulator of gene expression. The presence or absence of codons corresponding to rare tRNAs has been suggested to define two classes of genes: regulatory genes, whose expression is kept low, and efficiently translated genes of 'house-holding enzymes' (3, 12) . Very different amounts of protein can be produced from several bacterial or bacteriophage genes which transcribed as one unit. For instance, the structural protein genes A-J of phage lambda form a polycistronic messenger with 870-fold molar differences in gene products (cf. 13). It has been suggested that codon usage modulates messenger expressivity, slower translation leading to less protein (14) . However, messenger expressivity can be regulated at earlier stages than polypeptide elongation. In the photosynthesis operon of Rhodopseudomonas capsulata uneven expressivity results from differential messenger RNA decay (15) , and the synthesis of three subunits of the hf -ATPase of E. coli, encoded by the unc operon, in stoichiometric amounts is determined by the efficiency of translation initiation (16) .
The hypothesis that codon usage modulates gene expression is tested here. The relationship between expression and codon usage in a large sample of E. coli and phage lambda genes is compared by correspondence analysis, and the basis of this hypothesis is examined by connecting codon and tRNA distributions to Gouy's & Grantham's (17) model of polypeptide elongation kinetics.
CORRESPONDENCE ANALYSIS OF CODON USAGE
Correspondence analysis (18) is a multivariate method that can be used to produce a pictorial representation of an incidence matrix. Correspondence analysis amounts to finding such scores for rows (codons) and columns (messenger RNAs) that the correlation between them over the matrix is maximized. Ordering of the incidence data according to these scores results in the gathering of incidence points along the matrix diagonal. Mathematically correspondence analysis is an eigenvalue problem, and the eigenvalue of a solution equals the square of the correlation coeffi- (not shown).
The codon usage of phage lambda's structural genes (left) resembles that of weakly expressed host genes ( fig. 1 ).
The codon usage of phage lambda's regulatory genes (centre, 
which can be rearranged to a polynomial equation of second degree in C (see 17) .
Indeed, tRNA species rarer than this are discriminated against in all genes, and their cognate codons are located at a corner in figure 1 .
The model of translation kinetics ( fig. 3 ) can be tested with experimental data of Robinson e_t al. (11) .
They altered the codon composition of the chloramphenicol acetyl transferase (CAT) gene of E. coli by introducing four arginine codons recognized by either an abundant or a rare tRNA into the reading frame. After induction chloramphenicol acetyl transferase, linked to the trp promoter, was produced as the major protein in the cell. The pool of the tRNA, which recognizes codons AGG and AGA, proved to exceptions, the direction of codon bias in E. coli genes is away from codons recognized by very rare tRNAs and towards 'optimal' codons ( fig. 1) ; the strength of codon bias correlates to the cellular content of messenger RNA ( fig. 1, 3,22) .
Because of the expression-related preference of abundant tRNAs, it has been suggested that the need for rare tRNAs might keep the expression of regulatory genes low. This hypothesis is contradicted by comparison of virus and host genes: codon usage in highly expressed phage lambda genes is similar to that in the weakly expressed host genes ( fig. 1, 5) . Also, cloned under a strong promotor, the CAT gene (EcoTn9 in fig. 1 ) is highly expressed (11).
The lac repressor gene (EcoLacI in fig. 1 ), rich in rare codons, is translated at about the same rate as ribosomal protein genes in 'wild-type' E. coli (9) . This suggests that the number of tRNA discriminations does not directly determine the rate of elongation. The model presented here ( fig. 3 ) stresses the joint effect of codon and tRNA distributions on elongation rate. The striking conclusion is that in E. coli the messengers' codon composition is adapted to the tRNA pool so that tRNA drainage is eluded and elongation rates are maintained close to maximal. According to eq. (4) codons corresponding to rare tRNAs influence elongation rates only if their frequencies on messengers is elevated from those occurring naturally in E. coli. This behaviour agrees with experimental results (9) (10) (11) . When trimming bacteria to express cloned genes at high levels, their high content of rare tRNA codons (e.g. AGA + AGG) may become an obstacle. However, slow elongation reduces expression only if ribosomes queue up to mask the initiation site.
The results indicate that usage of optimal codons is not necessary for maximal elongation rates. Only the constraint by availability of the rarest tRNAs is effective for highly expressed phage lambda genes ( fig. 1 ). Smooth translation ensures efficient employment of ribosomes. The preference of abundant tRNA codons raises the effective concentration of individual codon-programmed ribosomes and minimizes total tRNA and elongation factor concentrations. The vital importance of proofreading efficiency is demonstrated by an observation of decreased growth rates in E. coli clones expressing rare-codon-rich genes (9) . Optimal codon usage also optimizes translation accuracy. Energetic efficiency of translation is the stronger constraint of the two because optimal accuracy is not maximum accuracy (cf. 23).
The data on tRNA distribution should be representative for E. coli growing in a wide range of conditions (5) . A shortage in amino acids is first felt in the cycling of rare tRNAs. Consequently, it has been suggested that codons corresponding to rare tRNAs might play a role in changing the metabolic pattern of E. coli in starvation (24) . In this aspect, the significance of the extreme rarity of the tRNA recognizing AGG and AGA codons remains an open question, but on the other hand, severe starvation also induces mistranslation (25) . Phage T4 is able to manipulate the tRNA pool by splitting a host tRNA (26) . The same may be true for phage lambda, from whose structural protein genes the codon CUA is, conspicuously, missing (13) . performance does not seem to be influenced by them (27) . In a setting of the kinetic proof-reading theory, standardization of ribosome -tRNA interaction times is advantageous (28, 29) . Overall, the estimate for the limit of the capacity of a rare tRNA given by eq. (4) ( fig. 3 ) fitted experimental data surprisingly well. More experiments on translation kinetics are needed in refining this synthesis of important issues.
To sum up, in E. coli genes codon usage is modulated for expression but gene expression is not modulated by codon usage.
Maintenance of maximal elongation rate and the cost of proofreading are two important factors underlying codon bias.
